Abstract. In order to study the relationship between the chemical structure and pyrolysis products of oil shale, a series of experiments with
Introduction
Oil shale is classified as a high ash sapropel-type solid fossil fuel that contains combustible organic matter [1] . Similarities as well as differences exist between oil shale and coal, both are solid fossil fuels, yet their structure varies, with oil shale having more aliphatic chains [2] . In the thermal application of oil shale, pyrolysis as the initial stage of the conversion process that includes dry distillation and combustion is crucial, significantly influencing the subsequent stages of conversion [3] . Therefore, the creation of a pyrolysis model is of strategic importance to achieve an efficient use of oil shale with environmental and fiscal benefits.
Previous researches have reported various models which describe the pyrolysis process of coal, and can be divided into empirical and network models based on chemical structure [4] . The primary empirical models can be classified into single reaction models (single equation models), multiple parallel reaction models (distributed activation energy models) and competing overall reactions models [5] [6] [7] . In more recent years, with the development of modern laboratory techniques, including Thermogravimetric Analysis-Fourier Transform Infrared Spectroscopy (TG-FTIR), PyrolysisFlame Ionization Mass Spectrometry (Py-FIMS) and Carbon Nuclear Magnetic Resonance Spectroscopy ( 13 C-NMR), researchers have been able to investigate the pyrolysis mechanism based on the chemical structure of coal. Several network models such as the Functional Group-Depolymerization Vaporization Crosslinking (FG-DVC) [8] [9] [10] , FLASHCHAIN [11] and chemical percolation and devolatilization (CPD) [12] models have been applied for this purpose. Although empirical models have played an important role in determining the yield and evolution rate of volatile compounds and describing the processes of combustion and gasification, the new tools facilitate to have a clearer picture of what is happening during the pyrolysis process in the composition and structure of samples since they are not related to their chemical structure. Therefore, network models provide a more effective manner of revealing the pyrolysis mechanism of fuel with respect to chemical structure.
In the literature, researchers have reported a number of oil shale pyrolysis models [13] [14] [15] [16] , yet all of which are still in the preliminary experimental verification stage and their universal applicability has to be determined. With the development and improvement of the contributions of Solomon et al. [8] [9] [10] , the FG-DVC pyrolysis model has been widely implemented in the pyrolysis studies of coal as well as other fuels, such as biomass [17, 18] and coal water slurry [19] . The FG-DVC model has been employed to predict the yield of four lightweight gases and shale oil in the pyrolysis process of Chinese Gansu oil shale at a heating rate of 20 °C/min, which yielded promising results compared with TG-FTIR experimental data [20] . However, the applicability of this model to studying the pyrolysis of oil shales from the other regions of China or at other heating rates has not been confirmed yet. In this paper, in order to validate its applicability to oil shale pyrolysis, the FG-DVC model was employed to simulate the pyrolysis process of Huadian oil shale of China and predict the yield of pyrolysis products at heating rates of 10, 20 and 50 °C/min. Additionally, comparison between the experimental data obtained via TG-FTIR with those calculated by the FG-DVC model was made to verify its applicability to oil shale pyrolysis studies.
Experimental section

Sample preparation
In this paper, the oil shale samples were obtained from Huadian city, Jilin province, China. For experiments, the as-obtained samples were crushed in a jaw crusher and ground in a ball mill, then sieved to a size of 0-0.2 mm. Prior to pyrolysis, the experimental samples were dried in an oven at 110 °C for 2 h. Both the proximate and ultimate analyses of original oil shale samples were performed according to the Chinese National Standards. The proximate analysis was conducted according to the standard GB/T 30732-2014 Test method by instrumental procedures. The samples were analyzed for total carbon, oxygen, hydrogen and nitrogen contents by a chemical method according to the GB/T 476-2008 standard while the total sulfur content was determined by the standard GB/T 214-2007. Table 1 displays the data on proximate and ultimate analysis of oil shale samples. 
Instrumentation
TGA measurements were performed by a Mettler-Toledo thermogravimetric analyzer TGA/DSC1 with a nitrogen purge gas flow of 50 ml · min -1 . The sample mass was placed in an open cylindrical alumina crucible (70 µLL). FTIR measurements were performed by a Thermo Electron Fourier transform infrared spectrometer Nicolet iS10 coupled to TGA equipped with a 20 cm optical path length infrared gas cell. The gas cell was equipped with a Cryogenic Mercury Cadmium Telluride (MCT) detector cooled with liquid nitrogen. The spectral range of the FTIR spectrometer was set to be 4000-400 cm -1 with a resolution and sensitivity of 4 cm −1 and 1.5, respectively. The TGA/DSC1 thermogravimetric analyzer system (METTLER-TOLEDO, Switzerland) was coupled with a Nicolet iS10 FTIR spectrometer (Thermo Electron, USA) through a heated stainless steel transfer line (1 m in length and 3.175 mm in internal diameter) with a temperature control of a maximum to 300 °C.
Procedure
TG-FTIR experiments were performed using the abovementioned TGA/DSC1 thermogravimetric analyzer system coupled with the said Nicolet iS10 FTIR spectrometer. In this work, during the tests, approximately 20 mg of each sample was heated in the TG at three heating rates (10, 20 , and 50 °C/min) in the temperature range of 50-850 °C under N 2 environment (supplied at a constant rate of 50 ml · min -1 under normal conditions) as the purge gas. The heating times of oil shale samples at three heating rates were 80 min (10 °C/min), 40 min (20 °C/min) and 16 min (50 °C/min), and were kept at 850 °C for 7 min. Blank correction runs were carried out to minimize the buoyancy effect. The stainless steel pipe and gas cell (20 cm optical path length) were heated at 150 °C to minimize secondary reactions and tar condensation. The mass loss of each sample was recorded and the changes of the gaseous products amounts with rising temperatures were monitored via FTIR spectrometry. Experiments were repeated at least twice to ensure their reproducibility as well as accuracy of data. According to the reported FTIR absorption characteristic bands of different substances [21, 22] , the quantitative analysis of pyrolysis products CH 4 , CO, CO 2 , H 2 O and shale oil was made using the pertinent method for the evolved multi-component gaseous mixtures combined with TG-FTIR [23, 24] , and the OMNIC (Thermo Electron, America) software.
Experimental results and discussion
TGA analysis of the thermal degradation of oil shale
Pyrolysis thermogravimetric (TG) and differential thermogravimetric (DTG) plots for oil shale are depicted in Figure 1 .
It is evident from the TG and DTG curves in Figure 1 that the pyrolysis process of Huadian oil shale takes place in three distinct phases: 1) the drying phase (50-200 °C), 2) the organic matter decomposition phase (200-600 °C), and 3) the inorganic matter decomposition phase (600-750 °C). Weight loss in the drying phase is primarily attributed to moisture loss, which includes the loss of absorbed and interlayer water from clay minerals. Meanwhile, the softening and molecular rearrangement, associated with the release of gases from kerogen prior to its decomposition to bitumen, may occur in addition to water moisture loss [25] . Weight loss in the drying phase in the temperature range of 200-600 °C is predominantly the result of the thermal decomposition of hydrocarbonaceous material. In this phase, weight loss at temperatures up to 400 °C is negligible and the corresponding curves exhibit a zero slope. However, when the temperature has reached 400 °C, the decomposition of shale dramatically intensifies up to 600 °C. As the DTG plot in Figure 1 illustrates, an evident peak appears during the drying phase, which is indicative of the evaporation of hydrocarbons. Involving the decomposition of organic matter including bitumen and kerogen, the second phase of pyrolysis (200-600°C) is considered to be the main thermal decomposition stage in the production of shale oil [26] . During the third, inorganic matter decomposition phase of oil shale pyrolysis (600-750 °C), the mass loss is governed by the thermal decomposition of inorganic minerals, such as carbonates and clay minerals, forming new peaks on the DTG curve. During the pyrolysis process of oil shale, at low temperatures the macromolecules in oil shale break to release low molecular weight volatiles in the form of gaseous substances and also generate some amount of char intermediates. With rising temperature, the unstable intermediates produced at lower temperatures will be further polymerized into more stable intermediates accompanied by the release of volatiles; these volatiles are eventually converted into char by several closely related mechanisms, which include the dehydrogenation of highly olefinic radicals and the condensation/polymerization/dehydrogenation of heavy aromatic radicals [27, 28] . Figure 1 shows the temperatures of maximum degradation rate and weight loss at different heating rates. The weight loss of the sample is indicative of the extent of the pyrolysis reaction which is found to decrease as the heating rate increases from 10 to 50 °C · min -1 . It can also be observed that the maximum rate of decomposition increases as the heating rate increases, which may be attributed to the heat flux and initiation of secondary cracking reactions. At lower temperatures, oil shale particles will have a sufficient amount of time to be uniformly heated, allowing slow reactions to take place. However, with high heating rates there is not enough time for the sample to be uniformly heated, which would allow the initiation of multiple complex parallel and series reactions of hydrocarbon evolution [26] . Figure 2 illustrates the evolution rate curves of Huadian oil shale pyrolysis products CH 4 , CO, CO 2 , H 2 O and shale oil at various heating rates (10, 20 and 50 °C/min). As a typical example, when the heating rate was 20 °C · min -1 , below 350 °C a small amount of CO 2 (a characteristic absorption band at 2358 cm -1 ) began to release from the sample. In oil shale pyrolysis, the emission of CO 2 at low temperatures is primarily ascribed to the decarboxylation/decarbonylation reactions of carboxylic and carbonyl groups attached to aromatic and aliphatic structures. The CO 2 profile reveals two prominent emission peaks at 465 and 725 °C. The quicker release of CO 2 at high temperatures is attributed to the decomposition of carbonates. The CO (a characteristic absorption band at 2182 cm -1 ) evolution pattern demonstrates the first evolution peak at about 455 °C and as the temperature increases, the emission of CO continuously increases and reaches maximum at 725 °C due to the reducing reaction of CO 2 and char at high temperatures. CH 4 (a characteristic absorption band at 3017 cm -1 ) and shale oil began to release at about 400 °C. The release of CH 4 occurred during a wide temperature range (385-675 °C) with a peak of emission centered at 465 °C.
Evolved gas analysis by FTIR
The H 2 O (a characteristic absorption band at 3795 cm -1 ) emission profile during the Huadian oil shale pyrolysis displays evolution peaks at 455 °C that can be assigned to condensation reactions [26, 29] . The temperature of the maximum evolution rate of the pyrolysis product shifted toward higher temperatures with an increase in heating rate. These results are also consistent with thermogravimetric measurements. The key parameters of Huadian oil shale pyrolysis products are shown in Table 2 . These parameters include product yields and characteristic temperatures such as the starting (T onset ) and final (T final ) temperature of each degradation step as well as the maximum release temperature (T max ) of Huadian oil shale pyrolysis products at the heating rates tested.
Oil shale devolatilization is a process that transforms oil shale at elevated temperatures, yielding gases, shale oil and char. Shale oil is defined as the room-temperature condensible formed during oil shale devolatilization. Gas formation can often be related to the thermal decomposition of specific functional groups in oil shale. The release of CH 4 is primarily attributed to the break of C-H functional groups from aliphatic compounds, release of CO 2 from the cracking and reformation of carbonyl and carboxyl groups of organics, release of CO from the breaking of C-O-C and C=O functional groups, and release of H 2 O from the breaking of O-H functional groups [26] . So far the literature has reported the preliminary study of the chemical structure of oil shale via constructing a carbon skeleton model. It is an intuitive research strategy to draw lessons from the results of research of coal chemical structure and pyrolysis mechanism to apply them for similar oil shale studies. It is generally agreed upon amongst research groups that coal consists mainly of condensed aromatic nuclei cross-linked with ether, methylene, or other bridges/functional groups in peripheral positions. The aromatic nuclei in low rank coal primarily consist of benzene and naphthalene rings, whereas in bituminous coal they are composed of phenanthrene, anthracene and pyrene rings. Solomon et al. [8] [9] [10] 30] have established that the pyrolysis process of coal is the combination of the following steps: 1) disruption of hydrogen bonds, 2) vaporization and transport of non-covalently bonded "guest" molecules (molecular phase), 3) low temperature crosslinking (in low rank coals), 4) bridge breaking to fragment the macromolecular network, 5) hydrogen utilization to stabilize free radicals, 6) vaporization and gas phase transport of light fragments, 7) moderate temperature crosslinking to resolidify the macromolecular network, 8) decomposition of functional groups to produce lightweight species, and 9) high temperature condensation of the macromolecular network via hydrogen elimination.
FG-DVC model for oil shale pyrolysis
The FG-DVC model of coal pyrolysis describes the evolution of tar, carbon, hydrogen, and oxygen gas species. It combines the functional group (FG) model for gas evolution and the statistical depolymerization, vaporization and crosslinking (DVC) model for tar formation. The composition and kinetic parameters as input parameters of the FG-DVC model are obtained by the TG-FTIR experiment. Tables 1 and 2 present the input parameters of the FG-DVC model (20 °C · min -1 as a typical example). The method to calculate the kinetic parameters and predict volatile yields by employing the FG-DVC model is described in the next section.
The calculation of kinetic parameters
The kinetic parameters of gas evolution during oil shale pyrolysis were obtained by the method previously reported in the literature [31] [32] [33] .
The experiments employ a linear heating rate (dT/dt = constant). In the case of a simple first order reaction, such as B→C, the rate of product evolution is:
where T is the temperature, H is the heating rate, E and A represent the activation energy and Arrhenius pre-exponential factor, respectively, and R is the gas constant. Equation (3) is typically simplified using the approximation:
Substitution of Equation (2) into Equation (1) yields:
The above approach is utilized to obtain the necessary kinetic parameters of gas evolution during Huadian oil shale pyrolysis, as shown in Table 3 . 
The prediction of volatile yields by using the FG-DVC model
The FG-DVC model [8-10, 30, 34] suggests that the "evaporation" of a component to the gas phase is depicted by diminishing the Y i dimension from its initial value, Y 0 , to the final value, zero. Thus, the decrease in Y i is a first-order process:
where k i is the distributed rate for species i. The evolution of a component into tar is described by the first-order diminishing of the X dimension from its initial value, X 0 , to the final value, zero; thus, the decrease in X is a first-order process:
The fractional amount of a particular functional group component in char is:
The evolution of each gas species is assumed to be a first-order reaction:
The tar composition is tracked by summing the contributions of functional groups evolved with tar. The rate of evolution of each group is:
Therefore, the time dependent weight fractions of char, gas and tar are:
The evolution of CH 4 , CO, CO 2 , H 2 O and shale oil can be described by Equation (12) . The predicted and measured evolution curves of CH 4 , CO, CO 2 , H 2 O and shale oil of Huadian oil shale at three heating rates (10, 20 and 50 °C/min) are presented in Figure 3 .
As illustrated in Figure 3 and comparison with TG-FTIR experimental data shows, the FG-DVC model quite accurately predicts the pyrolysis gases and shale oil yields. This is supportive of that the pyrolysis mechanism of coal suggested by Solomon et al. [8] [9] [10] could provide a feasible theoretical basis for the evolution procedure of light gases and shale oil in the pyrolysis process of oil shale. It is beyond doubt that the oil shale pyrolysis is an extremely complex process. In this work, a simplified FG-DVC model was employed to study the process, yet the entirety of it is still not fully understood. The corresponding simplifications on the transportation of tar and the devolatilization process of gas shale via a first-order reaction resulted in the deviation between the predicted model values and experimental data. 
Conclusions
In this work, TG-FTIR analysis was employed to study the pyrolysis process of Huadian oil shale at three different heating rates. Input parameters of the FG-DVC model were obtained via analysis of the obtained experimental data. Furthermore, predictions were made on the yield of four light gases and shale oil during the pyrolysis process using the FG-DVC model. The following conclusions can be made:
(1) TG-FTIR demonstrated that the pyrolysis process of Huadian oil shale can be divided into three phases. The primary phase occurs between 200 and 600 °C, during which the majority of pyrolysis products completely evolve. The temperature of maximum weight loss rate increases with an increase in the heating rate. The evolution of light gases directly coincides with the decomposition of the precursor functional group.
(2) The values of the activation energy (E) and pre-exponent factor (A) of four light gases and shale oil are between 183 and 270 kJ · mol -1 and from 3.3 × 10 9 to 2.8 × 10 13 s -1 , respectively, through mathematical analysis of TG-FTIR experimental data.
(3) Comparison of the predicted yield values of pyrolysis products based on the FG-DVC model with experimental data obtained by TG-FTIR at three heating rates was made. The predicted values conformed well to the experimental data with only slight deviations, indicating that the FG-DVC model can provide an effective theoretical basis for revealing the relationship between the chemical structure and pyrolysis products of oil shale.
